We describe a quantitative method for determination of histidine and 16 other amino acids in a nail hydrolysate. This Is based on the formation of trifluoroacetyl amino acid methyl esters and gas-liquid chromatographic analysis with use of two columns of mixed stationary phases. Histidine Is determined as a triple derivative N afrifluor cetyl-N im.carbethoxy methyl histidinate. The specificity and reproducibility of the method are illustrated. As little as 1 mg of amino acid per gram of nail can be determined, and 15 hydrolysates can be completely analyzed in 10 working days. Data obtained from multiple analyses of 10 nail hydrolysates by the method described closely parallel those obtained in another laboratory, in which an amino acid analyzer was used.
During the last decade GLC' techniques have been applied to amino acid analyses. Because amino acids are nonvolatile, volatile derivatives must be formed before GLC (1) . Ideally, a single-step derivatization would be desirable, and in this regard trimethylsilyl amino acids were formed and analyzed by Gehrke et al. (2, 3) . GLC analysis of dinitrophenyl amino acid methyl esters (4), amino acid phenylthiohydantoins (5, 6) , methyl thiohydantoins (6) , and TMS thiohydantoins (7) has been successfully done, but the use of acylated derivatives of amino acid esters has found most favor (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . TFA amino acid methyl esters (11) (12) (13) or TFA amino acid n-butyi esters (14) (15) (16) (17) (18) (19) are often the derivatives of choice.
In this laboratory a GLC method for analyzing amino acids in human fingernails has been developed. Hydrolysis of the nail is followed by methylation of the carboxyl group of the amino acid and by acylation of amino, imino, suifydryl, and guanido groups and of nitrogen atoms in imidazole and indole rings, to form the TFA amino acid methyl esters. These were then analyzed by using two columns, each packed with a different mixed stationary phase. Further derivatization of histidine to form NatrifluoroacetylNimcarbethoxy methyl histidinate was necessary before it could be quantitated (20) . 
Materials and Methods Apparatus
We used two Series 104 gas chromatographs (Pye Unicam, Cambridge, U.K.) equipped with flame ionization detectors. We used a computing integrator DP 101 (Pye Unicam) in conjunction with one of the gas chromatographs.
Reagents
The following chemicals were used; any necessary further purification is indicated.
Acetyl chloride (Analar grade). Redistill each new 500-mi bottle.
Methanol (Analar), special anhydrous. Ethoxyformic anhydride. Butanone, special for chromatography. Amino acid reference collection. These were obtained from BDH Chemicals Ltd., Poole, Dorset, U.K.
Trifluoroacetic anhydride (Pierce Chemical Co. Rockford, Ill. 61105). Redistill before use.
Protein hydrolysate standard (Pierce Chemical Co.). This consists of alanine, valine, glycine, isoleucine, threonine, leucine, serine, proline, aspartic acid, methionine, giutamic acid, phenylalanine, tyrosine, lysine, histidine, arginine, and ammonia [(NH4)2S04J, each having a concentration of 2.5 fimol/mi, and cystine, 1.25 flmol/ml.
Met ha nolic hydrochloric acid, 4 mol/liter. Carefully add 2.8 ml of acetyl chloride to about 5 ml of methanol in a 10-mi volumetric flask, and dilute to the mark with methanol. The reaction is vigorous and must be done in an ice bath (13 Reaction "a" enables the quantitation of all amino acids except histidine, lysine, and irginine.
Reaction "b" causes the breakdown of methionine, but allows lysine and arginine to be quantitatively measured.
3. Carbethoxylation.
Further derivatize histidine, after analysis of all the other amino acids, to form NtrifluoroacetylNimcarbethoxy methyl histidinate, as Quantitate the amino acids either by measuring peak areas manually or by using a DP iii computing ntegrator (Pye Unicam).
Results
The specificity, accuracy, and reproducibility of the method were investigated.
Individual amino acids when methylated and acylated under the conditions described in the method gave only one peak. These derivatives were all separated by GLC analysis on either column 1 or column 2. Tyrosine, arginine, and cystine could only be quantitated on column 2.
A comparison of flame ionization detector responses of TFA amino acid methyl esters relative to the internal standard TFA norleucine methyl ester when acylation is done at room temperature for 20 mm or at a temperature of 120 #{176}C for 20 mm is shown in Table 1 . The need for an elevated temperature for quantitative acylation of lysine methyl ester and the breakdown of the methionine derivative at this temperature is indicate4. The good reproducibility is seen. The separation of amino acids on both columns is shown in Figure 1 When Acylated Either at Room Temperature or 120 #{176}C #{149} after acylation of amino acid methyl esters at 120 #{176}C for 20 minutes and analysis on column 1 (X).
#{149} the same as X analyzed on column 2 (Y). #{149} carbethoxylation of TFA histidine methyl ester to form TFA carbethoxy methyl histidinate and analysis on column 1 (Z). Table 2 shows the concentration of amino acids obtained on hydrolysis of human nail tissue from 10 normal subjects, as measured by the gas-chromatographic method we describe. To eliminate day-to-day variation in the analysis, amino acid standards were derivatized and chromatographed with each hydrolysate, and the relative flame ionization detector response factors of these derivatives to the internal standard were used to calculate the amino acid concentrations in the nail hydrolysate. In Table 2 these concentrations are compared with results obtained by Pruzanski and Arnon (22, 23) , who used an amino acid analyzer (i.e., the ninhydrin reaction) for their measurements.
Proline, aspartic acid, and phenylalanine are quantitated on both columns and the results compare very favorably.
Three chromatograms of a nail hydrolysate are shown in Figure 2 . The hydrolysate is analyzed on column 1 after:
#{149} acylation of amino acid methyl ester at room temperature (X), #{149} acylation of amino acid methyl ester at 150 #{176}C for 10 minutes (Y), and #{149} carbethoxyiation of X to form a triple derivative for the quantitation of histidine (Z). The amino acids are well separated, enabling accurate quantitative determination of all the amino acids present in a nail hydrolysate. No "clean-up" procedure was required when this method was used.
Discussion
We decided to measure amino acids in hydrolyzed nail because of our interest in the various rheumatic diseases, particularly psoriatic arthritis, in which there is frequent involvement of the nails (24, 25) . In this preliminary study a GLC method was developed and the nails of 10 normal adults were hydrolyzed and the amino acids measured.
The method we used for the hydrolysis of nail tissues was that of Moore and Stein (21) , which we found to be satisfactory.
These experimental conditions were selected to give the best analytical recoveries for most amino acids and were decided upon after we had hydrolyzed nail with 6 mol/liter hydrochloric acid at 110 #{176}C in an inert atmosphere for 22 h and 45 h, respectively. The longer hydrolysis time increased the yield of valine 11%, of isoleucine 10%, and of leucine 3%. At the same time there was some destruction of threonine (5%) and serine (3%). We decided that hydrolysis for 22 h was suitable for these analyses, and no corrections were applied to the amino acid values. Other workers in the field have found these hydrolysis conditions, although a compromise, to be the most nearly satisfactory for the analysis of a wide spectrum of amino acids (10, 19) .
The GLC method described in this paper quantitatively determines all the amino acids, including histi- were quantitatively formed in 20 mm by acylating the methyl esters at room temperature. A temperature of 120 #{176}C was required to quantitate lysine and arginine, but at this temperature some decomposition of the methionine derivative occurred. Acylation could be done at 150 #{176}C for 10 mm without affecting the quantitation of the majority of amino acids: The exceptions were methionine and glutamic acid, the latter decomposing and giving rise to a peak that eluted just before methionine on column 1; this was tentatively identified as pyroglutamic acid. The disappearance and transformation of some labile substances during gas chromatography are well known and have been variously ascribed to (a) thermal decomposition in the heated injection region, (b) catalytic effect of metallic surfaces (e.g., metal columns), (c) adsorption at active sites on the support material and (or) (d) the effect of the stationary phase. There was some thermal decomposition of the cystine derivative when the extract was injected into the heated inlet zone of column 2, be#{232}ause the flame ionization detector response was lower than that obtained when the extract was injected into the column. Repeated injections into the colump packing gave reproducible responses; injections into the flash heater did not. A number of polar stationary phases have been shown to cause the breakdown of some amino acid derivatives (26) . XE-fib can cause a breakdown of di-TFA tyrosine methyl ester, and in fact thi presented a problem in the latter part of this study. This was overcome by analysis on the less polar stationary phases OV-101/OV-17 of column 2. The difficulties encountered by many workers regarding the quantitation of histidine by OLC were resolved by the formation of a triple derivative N-TFANimcarbethoxy methyl histidinate formed by the action of ethoxyformic anhydride on the TFA amino acid methyl ester in an inert argon atmosphere. This gave an excellent stable peak, which eluted before lysine on column 1. Alternatively, another triple derivative of histidine; which gave equally good quantitative results, was formed by the action of 0.5 ml of ethyl chloroformate on the double derivative by heating under argon at 70 #{176}C for 1 h in a sealed test tube. TFA-carbethoxy methyl histidinate was the derivative of choice because the reaction was completed in 20 mm. The accurate determination of histidine was considered to be important in view of the abnormal concentrations found in the serum of patients with rheumatoid arthritis (27, 28) , and our interest in the arthritides.
We encountered no difficulties in the quantitation of arginine if the hydrolysate was evaporated after each derivatization, remaining acid fumes were removed, and the sample was injected into the column packing of 5% OV-101/OV-17 (column 2) rather than the flash heater. Stalling and Gehrke (29) observed that a hot metal flash heater synthesized and subsequently broke down arginine derivatives, but found that they could be quantitated by injection directly onto a column packing. We were unable to quantitate on column 1, probably be-cause of the polar nature of the XE-fib phase. Gehrke and Takeda (18) found that a nonpolar phase of 10% Apiezon M or the mixed phase 2% OV-17/1% OV-210 would quantitate arginine but the polar phase 0.65% EGA would not.
The pros and cons of whether it is preferable to analyze a protein hydrolysate with an amino acid analyzer or a gas chromatograph has been examined by other investigators (30); the choice is often determined by the availability of instrumentation.
One of the advantages of a GLC procedure is that the equipment is used for the analysis of a variety of compounds and is thus a versatile piece of apparatus that most hospital laboratories possess. Coupled to a mass spectrometer, a gas chromatograph provides a very powerful analytical tool for the identification of the amino acids. The complete separation on a single column of all the amino acids found in a nail hydrolysate would be a significant improvement in the method with regard to speed of quantitation.
However, where two gas chromatographs are available, the derivatized amino acids are run concurrently and the data obtained from the second column provide valuable cross confirmation of some of the amino acids in the sample without prolonging the analysis.
